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Abstract

A 1ecent study of deep space telecommunication systems was perforinedinsupportof NASA’s
Mission to the Solar System planning activity.  ‘The 1esults of this study show that high
bandwidth communications (greater than 1 Mbps) are feasible at 1lizl]-value planctary targets
provided there are investments in the ground and spacecraft commnunication infrastructure. These
tiu gets include Mars, Jupiter, and Neptune. Optical communications is a key enabling technology
for achieving the higher data rates. This work was then extended to consider solutions to extreme
deep space (beyond 100 AU) conumunications.  Communications data rates between 10 and 1 00
Kbps should be achievable from as faras 1,000 AU within ?5 years. The technologies,

infrasttucture enhancements, and resulting performance capabilities are discussed in this paper.
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1. Inttoduction well as technolog ists fiom NA SA  ficld centers,

acadenna, and U.S. industry.  The roadmap covers

There has been much interest lately in the . . . -
robotic exploration for the period of time from now

Ve v - d ' ange R fq .
development 0 t- a long  range  plan ot until the year 2020,

telecorm mications within ou 1 solar systemn. Part of
the interest stems froma N A SA  Office of Space NASA rcalizes thatsolar system explotation will
Sciences (0SS) planning activity to develop 4 be an international activity. Foreign space agency
+ oadmap fort Ve Mission to the Solat System. e plans for planctary missions have been factored into
Jet Propulsion Laboratory (JP1.) has been leading this the: roadmap activity. There will likely bean
effort for NASA, The roadmap has been synthesized international  planning  activity that will follow

. . S NASA’s acceptance of the roadmap recommendations.
over the past SIX months with participation frot n a

cross section of the American scicnee community as In addition  to developing a set  of
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recommiendations to NASA for missions in response

to specific scientific questions, the roadmap  teamn
examined several of the key enabling technologics.
One of these is telecommu nications. The focus of
the roacmap activity was on space missions within
the solar system.  IJowever , the work that was
performed in the telecommunications arca can be
extended to far outer planet and longer-distance

issions as well.

The Mission tothe Solar System roadmap
considered many aspects of the telecom munications
challenge.  The team consideied the networki ng
aspects of operating many spacecraft (sad landers,
rovers, . .) on a single target body using
communications relay satellites orbitingaroundthose
bodies. Thetcam arso examined the challenge 01
providing a low cost, low mass, high pet formance
communications capability between  the  sutface
clements and a relay satellite.  The temmspentmost
of its energy predicting the performance, as a function
of tme, for the 1 wunk lines - the main
communications channels  between the target bodies
andthe Farth, rather thanthe 1ocal linksbetween such
things as landers and their local relay satellites. The
trunk lines represent thie hardest problemtosolve for
outer planct missions and beyond.  Two radio
frequency bands (X-band and Ka-band) were considered
as was optical communications'.  This paper deals
only with petformance estimates and technology
developments considered  for  the  optica

communications options of those trunk lines.

The roadinap analysis included an examination of
the key technologics requited for the trun & lincs aidd
their probable availability overthe next 25 years.
Analyses were performed for three target body
communications ot biters: Mars (2.5 AU), Jupiter (6

AU), and Neptune (30 AU.) The results showedthat

in the time frame of the roadmap, w e could expect
communicationbandwidths of morc than 1 Mbps at
cacti of these targets - with much greater capabilities
at Mars.  Suet] large bandwidths were considered
essential to provide a telepresence for the science
community and the general public during  the
explotation, and 10 lay the in frastructwie for

subsequent piloted missions.

This  work was then  extended to cover
communications capabilities out to 100 AU axi
1,000 AU in thesame perioa Of time. The results
indicate that it will be possible to support data rates
of 10 to 100 Kbps frommissions at 1,000 AU

within2?5 years,

?. Technology Predictions

I N ordet to estiniate  commmunications  link
performance over the next 25 years, one must predict
the  evolution of  critical communications
technologies. This is animperfect exercise. It is

also, at the moment, not Cost const rained.

The technologies listed below are not meant to
represent al relevant technologies - only those that
arc seen as cnabl ing for the main communications

trunk links.
2.1 Wavelength

Cunient optical communications work for decp
space links is concentrated at a wavelength of 1.064
tun. By the year 2005, it is expected the technology
for communication at 0.532 pun will be available for
flight.  This will allow an incremental jumpin

performance.



2.2 Spacecralt | .asers

The efficiency of solid state flyable lasers i s
assumed [0 increase from its current value of about
10% to better than 30% over the next 25 year s, At
the same time, the radiated power is predicted to

increase from3 W to 20 W.

2.31L.ow Mass and Cost Space Terminals

JP1 . has been working on the challenge o f
creating a | ow mass and low cost communications
tetminal for deep space missions using optical
communications technologies.  Although none of
these terminals have flownin space yet, several
prototypes, including the Optical Communications
Demonstr ator (OCIY)Y have been tested in the
laboratory. 1 heOCI)  terminal has an optical

aperture of 0.1 m.

Figure1 shows an engincering model for a deep
space optical terminal. 11 has amass of about8.5kg
and a power consumption 0f 30W. Such a ter minal

couldbe available for experimentalflight as early as

next year.
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Figure 1, Deep space optical flight terminal

More advanced versions, that integrate the optical
communications instrument With a science imaging
system, could be ready for flight by 2000.  These
would have amass Of about 1 0 kg and consuine

approximately 35 W of power.

2.4 Barth Receive Apertures

“1’hereis currently no operational capability for
deep space optical communications.  Demonstrations
have been performed using modified astronomical

. 3
observatories™,

By the year 2000, time could be a limited
ground-based optical communications capability 10
support demonstrations in  decp  space’. These
stations could have a 10m non-diffraction limited
recetve aperture. This would be more thanenough to
support  hundreds of kilobits of communications from

Sa[ulm-like distances in the near-term.

in orderto make this capability truly operational,
several copies of thelOm terminal would be built to
achieve both continuous coverage with decp space
targets and spatial diversity 10 combat the effects of
Fartl’s weather. At least three, and maybe as many
as five such stations would be needed to support
operational deep space missions®. These could be in

place by ‘2005,

By 2010, the Barth receive capability couldbe
increased cither by building larger ground-based
apetlures, or by placing t h e terminals in FEarth

o1bit"™®.

2.5 Receive Filters

Current  state- of-the-m ( for receive system
detection filter bandwidth is about 10 A. Over the

next 25 years, this should decrease to better than 1 A




throughtheuse of technologies such as the Faraday

Anomalous Dispersion Optical Filter”

2.6 Detectors

Currently, all optical comimunications
demonstrations  with deep space have utilized
avalanche photodiodes (APDs) to mecasure incoming
photons. By e year 2015, solid state
photomuitiplier tubes  (S$-PM7Ts) should he

available.

2.7 Pointing

Just as in the case of RY communications, the
pointing Of both the spacecraft and Earth terminal
apertures is also critical to the perfor nance  of the

link for optical communications.

The first deep space missions 1o usc optical
communications Will likely have a cooperative
pointing system. In this case, a laser beacon signal
will be sent fiom the Barth station, After acquisition,
the two terminals will track each other’s signal to

achieve a closed -loop pointing.

By 2000, a spacecraft systcin that finds the
optical image of the Harth could allow sufficient
pointing accwr acy to eliminate the neced for an Harth
terminal beacon for signal acquisition. More
sophisticated systems that usc star trackers and other
(m-bud sensorscould allow even better openloop

pointing by 2005.

By 2010, such on-board autonomous pointing
systems could be further improved by using non-
mechanical fine-steering techniques for the spacecraft

terminal.

3. Analyses for Mission o the Solar System

Using the technology projections above, link
performance  estimates were developed  for three
target-tmly  orbiters:  a Mars orbiter, a Jupiter-
or’biter, and a Ncl]tunc-orbiter. It wasassumed that
the largest launch vehicle available for this exercise
was a Deltalll. The analysis was performed at five
yeaiintervals beginning in | 995 (present capability)
and endingin 2020,

For cach year, six | ink performances were
calculated, T'wo of them were optical links based on
aggressive  and  conservative  estimates  for  the
technology  evolution. ~ The other four  were
aggressive and conservative projections for both X-

band and Ka-band'. The results are shown in Figure

Mars Jupiter Neptune

8 P Ty < MAX
/ *70mm movie
4 m-m—vl £35mm mosie

aPhotoisec

O

@

4 DY ”

~

2 e = <HOTY

o xem Image/Sec
/— 1PV
/

10!

0 ————4 f——t—+

% 0!) Og 1[) 1! 295 00 05 10 15
Year

Figure 2, Mission tothe Solar System capabilities

projections for trunk lines

The areas inthe graphs are bounded by the
best aggressive case onthe top and the best
conservative case onthe bottom.  All three graphs
eventually USC opticai communications to boundtne

areas as time progresses.

The horizontal lines through the graphs

represent the capability that woula be required to



support real time communication of various cornunon

data types. these range from broadeast quality’

television (USA NTSC)to I M A X high resolution

motion  pictures. Aggressive  compression

technology was assumed for all of these data types.

The Neptune communications orbiter was, by
far, the most challenging. It requires a Delta 1
launch vehicleand an RTG to supply sufficient
power for the link. Optical  communications
provides the only option for 1 Mbps

communications bandwidth in this time frame.

The basic conclusion for the Missionto the
Solar System roadmap exercisc is thata capability at
least as good as commercial broadcast television could
allow the public to participate in exploration of the
entire solar system if there is enough investinent in

both flight and ground infrastructure.

4. Extensions to ar Deep Space Missions

All the saimc assumptions aboutthe  availability
of keytechnologies  remain valid for the farther,
“out of the solar system”, link performance
calculations. In addition, since there IS no target body
to orbitfor these missions, the spacccraft mass
limitations for the communications system that had
been imposed to allow for orbit capture and
maintenance for the three planetary cases above can
relaxed.  This extra mass margin could go toward
generating more spacecraft power, providing twice
as much available communications electrical power
fromRTGs (150 W)beginningin 2010,” This makes
the link performance estimates look better in

comparison to the Mars, Jupiter, and Neptune cases

than onc might expect from the inverse square

distance loss.

An additional radio frequency technique considered
forboththe 100 AU and 1,000 AU missions was
arraying of X-band and Ka-band ground antennas.
Allowing fora 0.3 dB combining loss by 2020, an
array consisting of a 70mand four 34m antennas (the
planned configuration O f all three Deep Space
Network  complexes by 2 0 2 0) would have
performance slightly better than a single 94m
antenna. Since continuous coverage. is not likely to
b e a requirement for such missions, such large
amounts of ground resources can be applied for

short periods of time.

The results of the aggressive analyses are shown
in tabular form in Table 1, together with the
assumptions on  available technologies.  The
conservative case differs from the values shown in
two main ways: the RE spacecraft antennas arc
assumed to be fixed, 1.5m dishes, and the optic al
technology items are assumed to mature ten years
later. in references 10 and 11,  similar calculations
arc performed 10 estimate  the communications
performance of a 1,000 AU mission for X-band and
optical systems. ‘The results are  comparable  t()
those presented here for the 2010-2015 time when one

accounts for the differencesin assumptions.

Figure 3 shows these results graphically in the
same form as in the previous section. The areas in
the graphs are bounded by the best of the aggressive
and conservativeresults for cach year.  As shown in
Table 1, the upper (high performance) envelope 0 f
these long-distance links is dominated by the optical

systemn petformance after the year 2005.



Technology Area 1995 2000 2005 2010 2015 --2T020
|Com mon Spacecraft System Power 75 _ 75 75 150 150 150
X-band Transmitter E fficiency 50 % 53 % 560, 59 % 62% 8E8;
FIF 1 ransmit Power (W) 20 32 33 70 74 78
Spacecraft Antenna Diameter (m), 3 [3) 6 10 10 15
Ground Antenna Diameter (m) 70 70% 82 82 88 94

T sys (K) 30 20 20 20 20 4
Ground Aperture Efficiency 65% 65% 65% 65% 65% 8ES;
Coding lurbo Turbo Turbo TJurbo: 1urbo Turbo
Data Rate @ 100 AU (bps) 7.63E402 7.328 403 1.04F+04 6.11 £+04 7.50 E+04 2.03EF + 05|
| DataFRate @ 1000 AL | (bps): 7.63EF 400 7.328501 1.04 £ +02 8,11 E+02 7.50E 402 2 OBE 4+ 03
Ka-band 1 ransmitter E fticioncy 30 % 34% 38 O 4?2 % 46% 508/
FF T ransmit Power (W), 10 15 20 44 48 51.5
Spacecraft Antenna Diameter(m)' 1.5 3 6 6 10 i&
Ground Antenna Diameter (m) 70 70 82 82 88 94
Tsys (k) 40 30 30 30 30 30
Ground Aperture E fficiency 50 % 50% 50% 50 % 50% 50}
Coding lurbo -f urbio -f urbo Turbo 1urbo Turbo
Data Flate @ 100 AU (bps), 7.13 402 5.70E 4+ 03: 4.18 £404 1.04 E+405 3.64E 4 0% 1.02E + 06
Data Rate @ 1000 AU (bps)! 7.13E 4+ 00 5 70F+01 4.18£+402 9.19E 402 3 .2 3] 8 BOE+03
dptical wavelength\ (A), 1.064" 1.064; 0.632 0.532 0.532 0.532
L asor Efficiency 1 2% ?20% 15 % 20 % 25% 30 %
Laser Power (W) 3 5 5 10 20 20

Spacecraft Jeloscopo (m) . 0.3 0.3 0.5 0.5 1 1
Roceiver L ocation ground ground ground E arth orbit E arth orbit E arth orbit]

F ilter Bandwidth (A) 10, 3, 1 1 1 1

Detector Typo, APD APD | APD APD SS-PMT §§-FM1
Ground Receiver E fficiency 56 % 56 % 56 % 56% 56% 56 %
M aiphabet size 10?4 1024 1024 1024 1 0?4 512
Data Flare @ 100 AU (bps) 1.00 E+02 7.00f + 03 400 0E+04 4.00E 405 9.00F 406 7. GOF 4407
Data Rate @ 1000 AU (bps) 1.00E +00 1 00 F+0t1 4.00E+402 4.00 E+03 9.00F 404 7. O0E + 05|

Table 1.

Aggressive 100 AU and 1,000 AU capabilities projections for communications orbiters

for X-band, Ka-band, and optical systems
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Figure 3. Capabilitics projections for
communications from missions at 100 and 1,()()0 AU

4. Conclusions

The calculations performed here indicate that, even in
the near term, communications capabilitics from fat
outer solar system missions (up 1ol ;) AU) are
sufficient to supportmeaningful science and even
With today’s technology,

public involvement.

missions using kilobit data rates can be supported at

100 AU. Within 20 years, this capability will exist
for missions at 1,000 AU.  With an aggressive

program  of communications technology  ad
infrastructure development, even greater capabilitics
w i1 be possible - up to supporti ng real time
broadcastquality television from 100 AU and many
minutes of television- quality video €ach day from
1,000 AU, Optical communicatio ns will piay an

imporlampall in this technology evolution.
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